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Abstract

Background: Endoscopic medial maxillectomy (EMM) is a workhorse for multiple sinonasal conditions. To reduce its
burden on the sinonasal physiology, several modified EMM (M-EMM) have been proposed. Objective: In order to provide
a theoretical basis for EMM and its modifications, this study introduces a computational fluid dynamics (CFD) model, based
on a time-resolved direct numerical simulation, describing EMM and assessing the role of the M-EMM in preserving the
overall fluid dynamics of the sinonasal cavities.

Methods: A normal sinonasal CT scan was converted into a geometrical model and used as a reference; 2 anatomies were
then created by virtual surgery, mimicking EMM and M-EMM, with the latter sparing the anterior portion of inferior
turbinate and medial maxillary sinus wall. The airflow was simulated in the models via the OpenFOAM CFD software
and compared in terms of flow rate, mean and fluctuating velocity, vorticity, and turbulent structures.

Results: The analysis shows that EMM induces a massive flow rate increase in the operated side, which becomes less
obvious in the M-EMM model. In contrast to M-EMM, EMM induces higher velocity fields that reach the maxillary sinus.
Velocity and vorticity fluctuations are negligible in the baseline model, but become increasingly evident and widespread in the
M-EMM and EMM models.

Conclusions: A significant disruption of the nasal fluid dynamics is observed in EMM, while M-EMM minimizes variations
and reduces interference with nasal air conditioning. Our analysis provides insights into the pathophysiology of radical sinus
surgery and provides a theoretical basis for the ability of M-EMM to reduce the temporary surgery-related changes on both
healthy and operated sides.
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Introduction
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been proposed,” '® aimed at sparing the lacrimal path-
way and the inferior turbinate (IT).

IT preservation is commonly thought to preserve its
role in temperature adjustment and nasal airflow con-
trol.!"!> Conversely, whole turbinate resections lead to
persistent crusting and reduction of inhaled air condi-
tioning.” Such observations are supported by anecdotal
reports and subjective surgical outcomes analysis, "' but
no study thoroughly addressed the role of IT resection
and partial preservation in EMM from a fluid dynamical
standpoint.

Few literature studies provided numerical models
of EMM built via computational fluid dynamics
(CFD)."*!" In particular, Lindemann et al.'* hint at
the presence of large vortical structures in the MS after
EMM. Such CFD studies are limited by their computa-
tional design, relying on rather simple mathematical
models, unable to simulate the fluctuating quantities.
While the IT role has been studied with different in
vitro and computational models,'®!” suggesting the
appearance of chaotic and/or vortical flow patterns in
the nasal cavity after aggressive turbinate resections, no
studies mirrored these changes in EMM patients.

This study aims to present an advanced CFD model,
based on a time-resolved direct numerical simulation
(DNS) approach, able to fully describe EMM and
to assess the role of partial IT preservation in the
overall fluid dynamics of the sinonasal cavities. A solid
theoretical foundation for EMM modifications will thus
be provided.

Materials and Methods

At odds with the majority of available CFD studies, our
study is based on a DNS. DNS solves numerically the
equations governing the air motion without resorting to
a turbulence model. The numerical solution is thus truly
three dimensional and unsteady, and the mean fields and
their statistics are computed a posteriori by a process of
time-averaging akin to a real experimental measurement.

The airflow in the reconstructed nasal cavities was sim-
ulated via the open-source CFD software OpenFOAM.'®
The numerical approach, already demonstrated in previ-
ous work,'”? included a Large Eddy Simulation turbu-
lence model; however, its contribution was negligible here
thanks to the fine mesh employed, capable to capture all
the spatial-temporal motion scales.

After approval by the internal Institutional Review
Board of the San Paolo Hospital, University of Milan,
the scan of a 67-year-old man presenting a normal sino-
nasal anatomy was selected. The CT scan contained
348 DICOM images, with spatial resolution of
0.5mm x 0.5mm in the sagittal-coronal directions and
a 0.6-mm axial gap between consecutive slices. CT
images were converted into an accurate geometrical
model via the open-source software 3D-Slicer,>' choos-
ing a proper radiodensity threshold.”? A 3D computa-
tional domain was then built, according to the procedure
illustrated in previously published papers.”

The anatomy reconstruction was used as the baseline
pre-op reference and formed the basis for 2 additional
virtual surgery anatomies (see Results for details), pro-
viding a model of standard EMM and M-EMM. Each of
the 3 cases was then discretized onto a 50-million
cell volume mesh, corresponding to an average spatial
resolution of the order of 200 um.

The 3 cases were simulated under the same conditions
employing the DNS of the Navier-Stokes equations to
assess the postoperative outcomes: a steady inspiration,
lasting 0.6 seconds after statistical equilibrium, driven by
a pressure difference of 20 Pa between the external ambi-
ent and the laryngeal region. The simulation employed
no-slip and no-penetration boundary conditions at the
wall and a zero-gradient velocity boundary condition at
the outlet. With a time step size of 1 x 107>, each simu-
lation required 6 x 10* steps to complete.

Using the 3DSlicer software, the original 3D model
was reprocessed to obtain 2 virtual surgery models
(see Figure 1). The 2 models represent an EMM and
an M-EMM performed on the patient’s left side.

Figure |. The 3 anatomies considered in the present study: the baseline model (left), the anatomy after virtual EMM (right), and the
conservative virtual M-EMM (center) where the anterior part of inferior turbinate and maxillary sinus were spared. Colors indicate the
affected anatomical regions: pink highlights the lateral nasal wall demolition of M-EMM, while green indicates the further demolition
required for EMM. EMM, endoscopic medial maxillectomy; M-EMM, modified endoscopic medial maxillectomy.
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In the EMM model, mimicking common approaches
for sinonasal neoplasms, we removed the whole IT, the
MS medial wall, the uncinate process, and the middle
turbinate, sparing its superior and lateral insertions; the
ethmoid bulla was opened.

In the M-EMM model, the anterior portion of the IT
and the anterior portion of the medial MS wall up to the
nasolacrimal duct were spared, as proposed in various

Table 1. Values for the Volumetric Flow Rate (Q) for the
Baseline, M-EMM, and EMM Models.

Baseline M-EMM EMM
Q RIGHT (I/min) ~ 9.223 8.760 (—5.0%) 6.983 (—24.3%)
Q LEFT (I/min) 6.738 8.290 (+23.0%) 11.612 (+72.3%)
Q TOT (I/min) 15961  17.048 (+-6.8%) 18.595 (+16.5%)

Abbreviations: EMM, endoscopic medial maxillectomy; M-EMM, modified
endoscopic medial maxillectomy.

The table reports the quantitative flow rate of the nonoperated (right)
side, for the operated (left) side, and the overall quantitative flow rate, for
the assigned pressure drop. The flow rate increase in the operated side is
less obvious in the M-EMM model.
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models.” All the other modifications were replicated
from the EMM model.

Results

The comparative CFD analysis of the 3 models reveals
evident changes in the airflow patterns after EMM, while
M-EMM presents general features more closely resem-
bling the baseline.

Volumetric Flow Rate and Velocity

The first and foremost difference is how EMM induces a
higher increase in the flow rate of the operated (left) side
(see Table 1) than M-EMM model.

Second, as shown in Figures 2 and 3, in the baseline
model, the highest velocity region is located in the
middle meatus. EMM induces a substantial alteration
of the mean velocity field in the operated side, showing
higher velocity in the MS lateral and cranial portion.
Furthermore, EMM reduces the maximum velocity
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Figure 2. Magnitude of the mean velocity field in a coronal plane passing through the volume interested by surgery. From left to right:

baseline, M-EMM, and EMM.
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Figure 3. Magnitude of the mean velocity field in a sagittal plane. From left to right: baseline, M-EMM, and EMM.
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and overall flow rate in the contralateral side. Fluctuations

Conversely, in M-EMM, the mean velocity field does . . . . . .

. : Our time-resolved simulation provides information on
not present increased velocity areas and the contralateral flow unsteadiness, quantified here by the root-mean-
side remains essentially unchanged. Last, the larger the square (RMS) values of the fluctuations of the velocity
turbinate resection, the more streamlines penetrate the  magnitude. As shown in Figures 5 and 6, in the baseline
MS, as shown in Figure 4. model, the RMS value in the inferior and middle meatus
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Figure 4. Three-dimensional view of the streamlines in the baseline (left), M-EMM (center), and EMM (right) cases. Streamlines departing
from the outer ambient are observed to progressively enter the right maxillary sinus as the turbinate resection becomes more substantial.

Streamlines are colored with the local magnitude of the velocity vector.
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Figure 5. Root-mean-square value of the fluctuations of the velocity magnitude in a coronal plane. From left to right: baseline, M-EMM,
and EMM. RMS, root-mean-square.
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Figure 6. Root-mean-square (RMS) value of the fluctuations of the velocity magnitude in a sagittal plane. From left to right: baseline,
M-EMM, and EMM. RMS, root-mean-square.
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is negligible, suggesting a nearly steady flow. In the
M-EMM and EMM models, however, the velocity field
shows significant fluctuations. The sites where the largest
fluctuations are observed vary from M-EMM (where they
are strongest just behind the IT stump) to EMM (where
fluctuations are strongest in the former ethmoid/middle
turbinate region). The maximum RMS value is larger in
the EMM model than in the M-EMM model.

The magnitude of the vorticity vector is shown in
Figure 7. It grows progressively from the baseline to
the EMM model. Vorticity is observed to progressively
reach the lateral MS wall in the EMM model. M-EMM
contains vorticity toward the midline, reducing the MS
involvement.

Table 2 shows the volumetric average of the turbulent
kinetic energy (K). Turbulence intensity increases by
orders of magnitudes in the operated side and, less
remarkably, in the M-EMM model. Interestingly, the
values show a definite, progressive increase through
M-EMM to EMM also in the nonoperated side.

Figure 8 shows isosurfaces of the second eigenvalue
A2 of the velocity gradient tensor. This scalar quantity is
used as a proxy to visualize turbulent vortical struc-
tures;>* its spatial distribution does not provide indica-
tion of coherent large-scale vortices and vividly
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illustrates how the flow is severely modified by EMM
(and, to a much lesser extent, by M-EMM), where the
large number of vortical structures correlates to the
increased flow unsteadiness observed in Figures 5 and 6.

Discussion

The role of turbinates and lateral nasal wall in air con-
ditioning has been studied and demonstrated with in
silico and in vivo studies.'®?*® Similarly, the relation-
ship between a failure in nasal conditioning and nasal
crusting, especially after extensive surgery, has been
thoroughly explored and demonstrated.””-*® However,
these speculations have been only marginally extended
to the EMM.

The disruption of normal nasal physiology in EMM is
one of the main reasons why the more conservative
M-EMM has been proposed.™’ However, to the authors’
knowledge, only 2 CFD studies have explored the effects
of EMM on the nasal function,'*'> providing insight
into the change of flow patterns after EMM. Both are
based on a single-patient analysis. Unfortunately, Qian
et al.'” used a simple mathematical approach unable to
provide information on the unsteady component of the
flow, whereas in Lindemann the flow was driven by an
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Figure 7. Magnitude of the instantaneous fluctuating vorticity vector in a coronal plane passing through the volume interested by surgery.
Note the logarithmic color scale. From left to right: baseline, M-EMM, and EMM.

Table 2. Values for Turbulent Kinetic Energy Volume Integral.

Baseline M-EMM EMM
K volume average right (m%/s?) 0.000194 0.000301 (1.5 x) 0.000845 (3.5 x)
K volume average left (m?/s?) 0.000165 0.006093 (35 x) 0.028219 (170 x)
K volume average TOT (m?/s?) 0.000359 0.006394 (16.8 x) 0.029064 (79.9 x)

Abbreviations: EMM, endoscopic medial maxillectomy; M-EMM, modified endoscopic medial maxillectomy.

The table reports the turbulent kinetic energy (K) volume average for the nonoperated (right) side and the operated (left) side.
The K volume average quantifies the increase of turbulence in the operated side; although with EMM the increase is by 170 times, with
M-EMM the increase is only 35 times. The values show a definite, progressive increase through M-EMM to EMM also in the

nonoperated side.
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Figure 8. Isosurface of 22 = —650 000/s* in an instantaneous velocity field, showing vortical structures, colored by the local value of the

velocity vector. From left to right: baseline, M-EMM, and EMM.
extremely low pressure difference of only 1.3 Pa,'*!”
times lower than the present study, implying a breathing
intensity well below that at rest. In our work, a DNS-
based and time-resolved simulation is employed to assess
unsteady phenomena at a physiological breathing rate.

Even if an increase of the flow in the MS has been
already thoroughly demonstrated after standard antros-
tomy procedures,” our analysis finds EMM to pro-
foundly modify how the flow rate is partitioned
between the 2 nasal airways. A certain amount of unbal-
ance is physiological®’: Indeed in our baseline case, 42%
of the flow rate pertains to the right passageway and
58% to the left. Within the specific constraint of a com-
parison carried out for the same global pressure drop,
EMM determines a massive (+72%) relative increase of
the flow rate on the operated side, with significant reduc-
tion induced in the contralateral side too. Overall, the
flow rate for the same pressure drop increases by 16.5%.
On the other hand, M-EMM increases flow rate in
the operated side much less dramatically, with minimal
contralateral changes, and the end result is a nearly equi-
lateral flow rate distribution (49% on the right side,
51% on the left) with only 6.8% increase in the overall
flow rate.

Some studies indicated nasal cavity volume as the
main predictive factor for air conditioning function,
together with temperature distribution along the nasal
surface.”’ Even in this respect, M-EMM scores better
than EMM, although the significance of comparisons
based on a constant pressure drop remains to be
assessed. On the basis of this observation, it can be sur-
mised that one of the main reasons of the increased
crusting, bleeding, and mucosal drying could be a
direct effect of the airflow unbalance, influencing both
the healthy and operated sides. This hypothesis might as
well explain why temporary postoperative changes affect
also the unmodified contralateral side.

Our study finds that the topology of the flow field
remains generally unchanged, with the sole difference
that more streamlines reach the MS as the IT resection
is increased. These findings are partially in contrast with

data reported by Lindemann at much lower velocities.'
Indeed, we have found that air still flows freely toward
the nasopharynx in both the unaffected and operated
sides, both in the EMM and M-EMM models.
Lindemann and colleagues showed instead (albeit at
low breathing intensity) large vortical structures disrupt-
ing the normal flow in the nasal cavities; such structures
have some similarities with the vortices induced by rad-
ical turbinectomy in the solid model proposed by Pérez-
Mota et al.'” According to their findings, such vortices
prevented the correct flow toward the nasopharynx, con-
taining the air flow inside the operated nasal cavity.
Indeed, instantaneous vorticity shown in Figures 7
and 8 points to the existence of small-scale vortical struc-
tures and does not contain evidence for large-scale
coherent motions.

Thanks to our DNS approach, the analysis based on
the instantaneous fields has provided interesting insights
into the pathophysiology of radical sinus surgery.
The velocity field obviously reflects the flow rate changes
and additionally provides spatial detail. As shown in
Figures 2 and 3, in an untreated patient, the highest
velocity is observed along the middle meatus. In the
EMM model, the velocity in the contralateral side
decreases, together with the flow rate, and higher veloc-
ities are observed in the lateral and cranial portions of
the MS. This may decrease the effectiveness of the nose
air conditioning effect in terms of humidification and
warming. M-EMM reduces these effects, leaving the
untreated side entirely unaffected and does not induce
any velocity changes inside the MS.

The analysis of the flow unsteadiness, only possible
with a DNS simulation, is carried out for the first time in
the context of maxillectomy and leads to a most inter-
esting observation. The RMS value of the fluctuations of
the velocity magnitude grows by an order of magnitude
from the untreated model (where it is nearly negligible,
in a steady laminar flow) to the maxillectomy models.
The increase of the turbulent kinetic energy (K) volume
integral, in both sides, patently higher in the EMM
model than in the M-EMM model, further confirms
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the increase of turbulence after surgery. Looking at
Figures 5 and 6, the largest fluctuations are located
in the former ethmoid/middle turbinate region, and
Figure 8 relates them to small-scale vortical structures
present in the flow. In our experience, but also in some
case series,” this is also the location where most early
postoperative crusting occurs. Therefore, our hypothesis
is that a highly fluctuating flow field may induce local
crusting as a result of the large and fluctuating shear
stress. In the M-EMM model, the maximum of the fluc-
tuations is found just behind the IT stump, far from
mucosal boundaries. M-EMM could therefore reduce
crusting—indeed often a temporary issue in EMM—by
diverting large-scale highly oscillating flow structures
from the mucosa. It would be extremely interesting to
further investigate to what extent high levels of velocity
fluctuations and shear stress are connected with crusting
also in other sinonasal surgical procedures.

Our analysis last focused on vorticity. As already
shown in Figure 7, in the baseline model, the vorticity
in the MS is negligible. Vorticity values progressively
grow toward the lateral portion of the MS from the
M-EMM model to the EMM model. While M-EMM
contains disruptions toward the midline, EMM sees
intense vorticity fluctuations near the inferior and lateral
MS walls. It is interesting to observe that the scarring
and partial progressive concentric cavity closure that
usually accompany EMM occurs from those very
walls, where we might suppose a contribution from
shear stress in scar tissues formation. Furthering our
speculations, the formation of scar tissue induced by
wall shear stress might also induce postsurgical nasal
cavity remodeling, which would progressively lead to
crusting and scabbing reduction thanks both to a more
favorable geometry and the higher tissue resilience.
These observations are consistent with other studies on
the postoperative MS, which showed in vivo how a
higher wall shear stress correlates with residual crusting
and discomfort.>

The present data, though based on a single-patient
analysis, shed light on the fluid dynamics that character-
izes radical sinus surgeries. In light of our findings, trans-
nasal endoscopic partial maxillectomy types 1 and 2
have a theoretical CFD basis for their lower overall
functional complication rate.®* The computational cost
prevents us from currently providing a dynamic model
integrating different types of turbinate resections.
Undoubtedly such model could help understanding
nuanced variation in nasal airflow, therefore helping in
dosing the turbinate resection as to provide the best sur-
gical field visualization with the slightest fluid dynamics
alteration. However, high-fidelity computational models
addressing 3 radically different anatomical settings (2 of
which consisting in commonly employed surgical

techniques for EMM) facilitate understanding the over-
all changes in fluid dynamics in the nasal cavity.

Our work is obviously limited in as much as it con-
siders a single anatomy. Hence, its results cannot be
immediately generalized, although much care was devot-
ed to identify a subject whose baseline anatomy is devoid
of morphologic alterations and nasal symptoms as to be
representative of a normal nose. However, our innova-
tive computational approach uniquely provides access to
information free from modeling error and which
includes time dependency. Despite such limitations, in
view of the rigorous methodology and robust modeling
employed, the limited statistical significance of the study
is in our opinion more than balanced by the availability
of new and quantitatively reliable information.
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